Recent advances in GYRO allow simulations to map out the linear stability of many eigenvalues and eigenvectors of the gyrokinetic equation (as opposed to only the most unstable) at low computational cost. In this work, GYRO's new linear capabilities are applied to a pressure scan about the pedestal region of DIII-D shot 131997. MHD calculations in the infinite-n limit of the ideal ballooning mode, used in the very successful EPED model to predict pedestal height and width, demonstrate clear onset of the instability at 70% of the experimental pressure. Presented GYRO results first demonstrate that the ion temperature gradient driven mode and microtearing mode are dominant at the top of the pedestal, while an unnamed group of drift waves are found to be most unstable in the peak gradient region of the pedestal. The peak gradient modes have very extended ballooning structure, peak near the inboard midplane and have drift frequencies at or near the electron diamagnetic drift direction, even for very low wavenumbers (k θ ρ s ∼ 0.2). Connection is made to the MHD calculations by demonstrating the kinetic ballooning mode (KBM) is present but subdominant in the DIII-D pedestal, and the pressure required for onset of the KBM in the gyrokinetic limit is in near agreement with MHD predictions. Finally, comparisons and analysis of GYRO with two independent gyrokinetic codes, GEM (initial value) and HD7 (1D eigenvalue), are presented.
Introduction
The pedestal of a tokamak operating in the high-confinement mode (H-mode) [1] is the region in which the pressure gradient is largest, creating a large source of free energy that potentially serves as a host to many instabilities. Understanding the nature of the instabilities serves as a guidance for models predicting the ultimate constraints on pedestal height and width-key components to the peak temperature in the core and consequently expected fusion power output. One model, which has been used with success to predict pedestal height and widths in several tokamaks discharges, is the EPED model [2] . The EPED model predicts the H-mode pedestal height and width based upon two constraints: (1) onset of non-local peeling-ballooning modes at low to intermediate mode number n; (2) onset of nearly local kinetic ballooning modes (KBMs) at high toroidal mode number. Calculation of these two constraints using sets of model equilibria allows prediction of both pedestal height and width in terms of a simple set of scalar input parameters. The EPED pedestal height model has provided good predictions of pedestal pressure height across a factor 20 variation in pressure, on multiple devices, including Alcator C-Mod, DIII-D and JET [3] . The quantitative agreement of the predictions with these measurements is typically within 20% or better, with a strong correlation (r > 0.8) between predicted and observed pedestal height. The accuracy of the EPED model should therefore be considered a reasonable model for ITER pedestal performance. A remaining important issue is to validate the KBM physics in the EPED model using gyrokinetic codes in real geometry.
Several concerns arise when gyrokinetic analysis is applied in the pedestal. Chief among them is the primary expansion parameter = ρ s /L n may no longer be appropriately small in steep density gradients. For the profile we study, the pressure gradient dP /dψ peaks close to ψ N = 0.98, corresponding to (ψ N = 0.98) = 0.0759. This value of suggests that there is still a reasonable degree of scale length separation between equilibrium and fluctuations required in the gyrokinetic equation. We use the normalized poloidal flux function ψ N to denote flux surface. Additionally, we define ρ s = c s (m D c)/(eB) as the Larmor radius and L n = −1/(d ln n/dr) is the density gradient scale length. The ion sound speed is given by c s = (T e /m D ) 1/2 with deuterium mass m D and electron temperature T e . Beyond a simple estimate of expansion parameters, the appropriateness of using the gyrokinetic expansion is the subject of ongoing study [4, 5] , and not in the scope of what will be presented. Previous work applying gyrokinetic theory to pedestal parameters includes analysing the effect of noncurvature terms in the gyrokinetic equation inside transport barriers [6] , and demonstration of qualitative agreement of nonlinear gyrokinetic and gyrofluid fluxes in pedestal parameters [7] .
Within the context of the EPED model, gyrokinetic analysis of pedestal instabilities presents a potential improvement over the currently used MHD model. In this regard, the authors of [8] use gyrokinetic code GS2 and find the KBM arises as the dominant instability when applying linear gyrokinetic analysis during several different phases of a MAST pedestal buildup and crash. Here, we complement the work performed in [8] in several ways. We focus on a pressure scan about the pedestal of a particular DIII-D discharge, where the experimental value of the pressure puts the MHD infinite-n ballooning mode past threshold. In this pressure scan, we demonstrate that the KBM is never the dominant instability, and characterize the nature of both the subdominant KBM and dominant instabilities. We emphasize the required parallel resolution to adequately resolve the dominant instability in the peak gradient region of the pedestal. In addition, we validate results by presenting a comparison between three separate gyrokinetic codes: GYRO [9, 10] , GEM [11, 12] and HD7 [13, 14] .
All simulation results presented employ reduced physics to best match EPED infinite-n MHD calculations, aid in identifying what modes are present and to ensure the simulations are suitable for cross-code comparison. In particular, the results presented will be local simulations that ignore collisions, equilibrium rotation or compressional magnetic effects δB . Simulations will include finite β e = 8πn e T e /B 2 , as is necessary for the collisionless KBM. The rest of this paper is organized as follows. Section 2 will detail the experimental shot to be modelled. Section 3 will describe the predominant instabilities from the top of the pedestal down to the peak gradient region using GYRO's recent eigenvalue solver. Section 4 will detail a cross-code comparison for three different gyrokinetic codes, taking care to explain differences in the underlying code models.
Experimental profile
The purpose of this paper is to examine and characterize the linear instabilities about a pressure scan of the pedestal of DIII-D shot 131997. This discharge and its data set have previously been used to benchmark the EPED model, which is used to predict pedestal height and width constraints [15] .
Composite profile data are obtained from a series of ELM cycles [16] and represent the profile just before an ELM crash, when the pedestal is believed to be near the peeling-ballooning mode instability threshold. The density, ion temperature and electron temperature of this composite are to be found in figure 1(a) . The kinetic equilibrium is generated using the measured pressure profile including electrons, ions and fast ions from the neutral beams [16] as inputs to the EFIT code [17] . The current density in the edge is constrained to match the bootstrap current from the Sauter model [18] plus the ohmic current contribution. The core current is determined by fitting to measurements of the motional Stark effect (MSE). This is a 'free boundary' run with the plasma shape determined by external magnetic measurements. Because we are concerned with connecting the infinite-n limit of the ideal ballooning mode and the KBM, this profile is then modified by reducing the current in order to stabilize the peeling-ballooning mode, thereby ensuring that the onset of MHD instability is definitely the ideal ballooning mode.
From the perspective of gyrokinetic instabilites, one of the most striking changes over the pedestal range is the variation in η (i,e) = L n /L T from very large to very small, as demonstrated in figure 1(b) . For simplicity, simulations will ignore impurities, and accordingly will use quasineutrality to balance the ion density with the electron density. The shear s = (r/q)∂q/∂r and safety factor q versus poloidal flux is given in figure 1(c) , and potentially plays a stabilizing role near the peak gradient region of the pedestal. It should be noted that the decision to reduce the current by a factor of two (to ensure ideal ballooning onset and not peeling-ballooning onset) will cause the simulated shear to be reduced from the experimental value. Consequently, one should be cautious when extrapolating the relevance of any modes outside of the KBM discovered in the simulated pedestal to the actual experimental profile.
After generating the pressure profile as described, we vary the pedestal pressure from below to above the measured profile. These variations of the equilibrium were generated with the VARYPED tool [16] , which allows for a series of EFITs to be produced with variation in the pedestal characteristics. There are a number of possible variations but the most popular is to vary pedestal pressure and current density starting from a 'kinetic' EFIT result. The variation is carried out keeping the plasma cross-sectional shape, total stored energy and total plasma current fixed. (There is often some variation in the stored energy although the other constraints are well maintained.) For the purposes of this paper, a subset of the full VARYPED analysis was used in which the pedestal pressure profile was varied from 50% to 120% of the experimental value, with the radial variation plotted in figure 1(d) . For each variation of profiles, a Grad-Shafranov equilibrium was calculated with the EFIT code. This series of equilibria was chosen to go clearly across the ideal ballooning threshold in order to facilitate comparison with the KBM threshold in gyrokinetic calculations. Table 1 presents results from the BALOO code [19] demonstrating the onset of the ideal ballooning mode as the pedestal pressure is varied about the experimental profile. An important goal of this study is to compare gyrokinetic calculations of KBM onset with the ideal MHD infinite-n threshold, which is expected to be similar [20, 21] . Our primary focus will be on all gyrokinetic instabilities in the peak gradient region (maximum dP /dψ) of the pedestal, corresponding to ψ N = 0.98, where ψ N is the normalized toroidal flux function. Because we are focused on poloidal wavenumbers relevant to the KBM, most of the discussion will be for wavelengths k θ ρ i < 1, where k θ is the poloidal wavenumber and ρ i is the ion Larmor radius. We will begin the study by characterizing the instabilities found for the experimental value of the pressure, and note the effect of the pressure scan as appropriate.
GYRO simulation results
The majority of results presented were obtained using GYRO's eigenvalue solver [10] , with a spatial grid composed of 6 radial grid points and 16 poloidal finite elements, and a velocity grid consisting of 60 mesh points along an orbit, 16 pitch angles and 8 energies. The need for unusually large poloidal resolution (8 poloidal finite elements for CYCLONE base case parameters) arises from a surprisingly large amount of poloidal variation of eigenfunctions in the peak gradient Table 1 . BALOO calculation of the ideal ballooning mode stability for self-consistently generated pressure profiles. The third column describes the radial width in ψ N where the ideal ballooning mode is unstable. The peak growth rate of the ideal ballooning mode goes from effectively zero to 10 5 Hz about the scan. region. Section 4 will present similar results from the initial value GEM code as well as the eigenvalue HD7 code. As mentioned in the introduction, certain physics models, important for accurate calculation of pedestal discharges, are ignored for the following reasons. Collisionless KBMs and ideal MHD infinite-n ballooning modes have closely related governing equations with similar characteristics [22, 23] . This motivates the decision to ignore collisional effects in the presented gyrokinetic analysis. GYRO capabilities allow the use of a local equilibrium method in combination with model [24] or exact shape parametrizations [25] . In the latter case, the method is effectively exact with accuracy limited only by the quality of the original EFIT. Asymmetric shaping effectively allows coupling between ballooning modes (even electrostatic potential φ about outboard midplane versus θ ) and tearing parity modes (odd φ about outboard midplane), and consequently has the potential to distort the onset of the KBM, which has ballooning parity. Additionally, relevant for the next section, GEM and HD7 employ equilibrium models that do not allow for asymmetric shaping. For these reasons, the presented GYRO results will be a local equilibrium approach using model shaping (up-down symmetric Miller shape parameters with the addition of squareness and elevation of the Z-axis). One last simplification to the model, to make it suitable for cross-code comparison, is to ignore magnetic compressional effects (δB ). In summary, we will be presenting electromagnetic (δA ), collisionless gyrokinetic results using a local equilibrium technique about a model geometry, ignoring equilibrium rotation. We note that the exact flux-surface shape [25] , including up-down asymmetry, is required to get accurate results, as the symmetry-breaking mechanism may generate significant momentum transport in the edge and leave that analysis for a future publication.
Top of the pedestal
At the top of the pedestal, the most unstable mode for low wavenumbers (k θ ρ s < 1.5) is the ion-temperature-gradient (ITG) driven mode, with characteristics similar to those seen in the core. We define the top of the pedestal as ψ N = 0.95, where the electron temperature gradient first begins to rapidly increase. Figure 2 demonstrates the ballooning structure of the ITG mode at this location, for k θ ρ s = 0.2. The electrostatic component of the potential is even about the outboard midplane (θ = 0), with corresponding magnetic component odd. The real and imaginary components of A || have the same sign of proportionality, as is typically the case with ITG (the KBM, for example has Re[A || ] ∝ −Im[A || ]) [10] . As demonstrated in figure 3 , the real frequency increases linearly with k θ ρ s , and the growth rate turns over at a high value of k θ ρ s , relative to CYCLONE where the peak ITG growth rate lies between k θ ρ s ≈ 0.5 − 0.6 [26] . For k θ ρ s > 1, the most dominant instability transitions from ITG to a microtearing mode. We define a microtearing mode as any mode whose magnetic potential is even about the outboard midplane, as demonstrated in figure 4 . Unlike the results of [8] , the microtearing mode in this discharge drifts in the ion diamagnetic direction, and the real frequency and growth rate of the mode are relatively insensitive to wavenumber.
Notably, the amplitude of the magnetic component is very small, implying it is a predominantly electrostatic mode that happens to have the correct parity to cause tearing. This tearing parity mode is most similar to a slightly stable mode identified in the CYCLONE base case [27] . 
Evolution of mode structure with radius
As one examines the dominant instability towards the peak gradient, the story of ITG being the dominant mode becomes much more complex. Figure 5 demonstrates the ballooning structure in which the ITG mode becomes increasingly peaked near the inboard midplane, with a growing extent in the ballooning angle. The growth rate of the mode for increasing ψ N in fact decreases near the peak pressure gradient, as seen in figure 6 . The drop in growth rate is likely due to the dramatic reduction of η i,e , found in figure 1(b) . A subdominant mode, in the electron diamagnetic drift direction, is plotted as well because it can be the most unstable mode in the peak gradient region, as will be shown in the next section.
Peak gradient region
In the peak gradient region, defined here as ψ N = 0.98, we find the fully developed mode no longer has the characteristics of the ITG instability at the top of the pedestal. Figure 7 demonstrates that the two branches compete for dominance versus k θ ρ s , with ballooning structure peaking off of the outboard midplane. As shown in figure 8 , structures are very extended in ballooning space, implying fine radial structure in real space. Unlike the KBM, which should grow in strength with increasing pressure, both modes are stabilized over the pressure scan. Additionally, these two modes are not noticeably stabilized with the inclusion of experimental values of rotation. This type of mode structure has been observed previously [28] , in the context of strong density gradients in trapped electron modes in C-Mod discharges, and motivates the investigation presented in section 3.4. More recently, linear gyrokinetic studies of the HL-2A experiment [29] identified a trapped electron mode as the strongest linear instability in the strongest gradient region, demonstrating very similar frequency response versus wavenumber to what is observed in figure 7 . The reader might note that the KBM is not the strongest instability in the presented analysis of the equilibrium pressure profile. For most pressures, the KBM is present, but much weaker than the dominant modes. Figure 9 demonstrates the ballooning structure of the KBM. There are two primary signatures that the mode is indeed the KBM. The magnetic component A || of the mode has opposite parity, meaning Re(A ) ∝ −Im(A ), between the real and imaginary components [10] . Additionally, the KBM becomes increasingly unstable while maintaining the same mode structure if one artificially increases β e in Ampere's equation. Table 2 demonstrates the growth rate of all presented instabilities versus total plasma pressure for k θ ρ s = 0.25. Onset of the KBM occurs at 60% of the experimental pressure value, which is slightly earlier than the ideal ballooning calculated onset of 70%. However, the growth rate of the KBM is much smaller than that of the two dominant modes identified. Additionally, the KBM growth rate is smaller than the MHD ideal ballooning mode, as expected, though smaller by a larger margin than expected from calculations in a simple geometry.
Effect of gradients
In this section, we investigate the reason for evolution of the ITG ballooning structure and growth rate over the range of the pedestal. The increasing magnetic shear has been suggested as a potential stabilization mechanism [8] . Here we demonstrate that shear is unnecessary for the mode structure and stabilization observed. To conduct the investigation, we create a numerical equilibrium based on GYRO's Miller parametrization at ψ N = 0.95. With these base parameters, the equilibrium gradient scale lengths L n , L Te and L T i are steadily increased from their values at the top of the pedestal to the peak gradient region according to
All other equilibrium quantities are kept fixed over the numerical experiment. Figure 10 demonstrates how the growth rate and frequency adjust according to the gradient scaling. The density scale length appears to reproduce the stabilization observed. Figure 11 demonstrates the ballooning structure of the ITG mode when the scaling factor scale = 0.45. Scaling both gradients or just the density gradient produces the electrostatic potential peaking outside the outboard midplane, closely matching figure 8. Additionally, the increasing density gradient causes the real frequency to adjust from the ion diamagnetic drift direction to the electron direction.
Benchmarking
As stated in the introduction, one reason for reducing the modelled physics was to ensure the underlying physics model was suitable for cross-code benchmarking. In the following section, we present the results from two separate gyrokinetic codes, GEM and HD7. We proceed by performing binary comparisons between GYRO and GEM followed by GYRO with HD7. In each individual comparison, care is taken to ensure both codes are simulating the same equilibrium parameters (gradients and shaping). After the two individual comparisons, we present a radial scan of the pedestal using all three codes independently to show the significance shaping has on the growth rate of the most unstable mode. 
GEM
The strong variation in the equilibrium quantities makes kinetic edge pedestal simulations extremely challenging and much more difficult than core simulations. The validity of the equilibrium models used will benefit from a comparison with complementary simulation models. To this end, we compare directly with the GEM gyrokinetic particle code [11, 12] . GEM is global, electromagnetic, includes impurities, electron-ion collisions and equilibrium flows. The studies presented here are run in the collisionless flux-tube limit without equilibrium flows or impurities. GEM has features similar to GYRO, but uses a particle-in-cell delta-f characteristic method to solve the gyrokinetic equations. Previous edge pedestal global GEM simulations have been reported [30, 31] . GEM has been well benchmarked with GS2 [32] and GYRO in previous core plasma studies including effects of kinetic electrons, magnetic field perturbations and e-i collisions in flux-tube simulations [11] , and with the GKS code [32] modified to include general geometry [33] for studying the effects of shaped magnetic equilibria on the linear mode characteristics. For pedestal simulations, GEM uses 128 radial grid points, 32 binormal and parallel grid points. Grid and temporal resolution has been tested for convergence. GEM is an initial value code, and as such, can only identify the most unstable eigenmode. Additionally, when multiple roots are present with comparable growth rates, initial value calculations can become difficult. While GEM has a fairly general parametrization of the magnetic field, including arbitrary radial profiles of the surface elongation, triangularity and Shafronov shift, and a numerical grid based specification of the Jacobian, magnetic field strength and other equilibrium quantities characterizing a general magnetic equilibrium, current implementation of EFIT data relies on a Miller parametrization of the magnetic equilibrium [24] . One significant difference between GEM and GYRO arises from each code's normalization of k θ ρ s . In each code, ρ s = c s * (mc/eB) is treated as a quantity that depends only on flux surface, although the magnetic field strength B is a function of poloidal angle. In the case of GYRO, ρ s,unit is constant for a given ψ, determined by B unit = q 0 /r 0 (dψ(r 0 )/dr), where B unit is the 'effective' field that would be obtained if the flux surface was deformed to a circle with the penetrating flux held fixed. This choice of magnetic field normalization is attractive in that it allows codes to compare simulations at finite β e without reference to a global equilibrium. The fact that the value of B unit will be different for two different magnetic shapes at the same radial location must be noted when comparing with GEM, which normalizes its flux-surface quantity ρ s to the magnetic field at the centre of the flux tube obtained at the outboard midplane. GEM's value does not change with shaping of the annulus, and consequently comparisons between GEM and GYRO will show disagreement in shaping scans if the different definitions of magnetic field are not taken into account [34] . One can use ρ GEM ∼ κρ GYRO to a reasonable approximation. To directly compare between GEM and GYRO, we rely on GEM to calculate equilibrium gradients and shaping from the given kinetic EFIT magnetic equilibrium, which is parametrized using Miller equilibrium [24, 30] by the code Fluxgrid [35] . The reason we use GEM's shaping in this comparison is GYRO's Miller coefficients include parameters, specifically squareness and elevation of the centre, that GEM does not consider. Attempts to use GYRO's Miller shaping fit to the actual equilibrium with squareness and elevation turned off would produce a worse fit to the actual equilibrium than GEM's Fluxgrid fit. Table 3 provides all the required equilibrium and shaping values required by GYRO to simulate a flux tube at ψ N = 0.9 and 0.95. Figure 12 demonstrates the agreement between the two codes when using the same input parameters. We note that the agreement in growth rate between the two codes appears quite good, while the real frequency between the two codes appears to deviate, with up to a factor of two at the highest simulated values of k θ ρ s .
There is a slight difference in the flux-tube models between GYRO and GEM. Given a set of shape parameters (elongation, triangularity, the Shafranov shift) and the local q-profile, the Grad-Shafranov equation completely determines the local equilibrium, including the radial dependence of the poloidal plasma current, the local variation of the magnetic field (which determines the drift motion) and the eikonal function used as the binormal field-line-following coordinate for the flux-tube. All of these quantities are used in GYRO's flux-tube model. On the other hand, GEM's general geometry model is developed for fully global simulations. The flux-tube model was later implemented by selecting the radial location at the centre of the flux-tube, then removing all radial variation in the equilibrium quantities, e.g. setting B and grad-B all equal to their values at the chosen radial location. In this model the poloidal variation of the field and the eikonal is, by construction, the same as that of the local equilibrium, but in general the radial variation can be different. This might account for some of the disagreement seen in here. A flux-tube model based on the complete local equilibrium solution is currently being implemented in GEM and further benchmarking with GYRO will be reported in the future.
One important point to note is that GEM fits the density and temperature profiles to a modified hyperbolic tangent function, and calculates local gradients from derivatives of the analytic fit. In contrast, GYRO uses cubic splines to interpolate between experimental values. The differences between GEM's fit and GYRO's interpolation can lead to a deviation in the local density gradient scale length of up to 10%, as can be seen by comparing tables 3 and 4.
HD7
The HD7 code uses a set of integral eigenvalue equations to solve the gyrokinetic-Maxwell equations with the RayleighRitz method [13] . HD7 employs a toroidal configuration of axi-symmetric circular flux surfaces with Shafranov shifts (s − α). The ballooning representation is used so that the linear mode coupling due to the toroidal magnetic Table 3 . Equilibrium and shaping parameters generated by GEM for two radial locations, ψ N = 0.9 and ψ N = 0.95. GEM fits the density and temperature profiles to a modified hyperbolic tangent function, and calculates local gradients from derivatives of the analytic fit. Table 4 . s − α equilibrium and shaping parameters generated by GYRO for two radial locations, ψ N = 0.9 and ψ N = 0.95. The most significant difference between GYRO and GEM is the density gradient scale length, a consequence of GEM fitting the density profile to a hyperbolic tangent and GYRO using cubic spline interpolation between provided experimental points. 2 ) of ions are included. The electron response is, under the ordering ω k v te , calculated to the first order, i.e. the electrons are assumed to be massless. Electron thermal velocity is more than one order of magnitude higher than that of ions as well as the phase velocity of the perturbations. Therefore, the electron contributions to current and magnetic perturbations are calculated to the first order while the contributions to density and electric potential perturbations are assumed to be the adiabatic response. Notably, electron magnetic trapping is neglected [14] . Suppressing the compressional Alfvén waves, the dynamics of low-frequency electromagnetic perturbation in inhomogeneous low-β plasmas is described by the quasineutrality condition and the parallel component of Ampére's law. Here, the modes with symmetric φ and antisymmetric A are considered.
To compare GYRO and HD7, we first employ GYRO's native equilibrium and shaping parameters at ψ = 0.9 and 0.95, where the equilibrium model is s − α in place of Miller equilibrium. Figure 13 demonstrates the agreement between GYRO and HD7 for the two radial locations. Because both codes are run in circular geometry, there is no concern for what magnetic field is being modelled in the Larmor radius ρ s . Frequencies between GYRO and HD7 agree within 20%, and trend versus k θ ρ s is in agreement.
Radial scan
Here we present a radial frequency scan using all three codes modelled after figure 6. In figure 14(a) , each code uses its own native flux-surface representation (GEM Miller with Fluxgrid, GYRO Miller including squareness and elevation, and HD7 with s − α) as input. Because Miller shaping will not perfectly fit the actual flux-surface shape, there is no 'ideal' set of Miller coefficients to represent the underlying geometry. Additionally, GEM's hyperbolic tangent fit for pedestal profiles produces equilibrium density gradient scale length deviations of up to 20% from GYRO's scale lengths, as can be seen when comparing tables 3 and 4. Consequently, the differences between GEM and GYRO in this scan serves as a measure of the sensitivity of the most unstable mode to choices in shaping and smoothing of density gradient. All three codes produce comparable results in the ITG dominated regime of the pedestal. As the peak gradient is approached, all three codes eventually find suppression in the growth rate of the strongest instability, although the radial location for the drop in growth rate differs. Of significant note, HD7 does not find any instability beyond ψ N ≈ 0.97, suggesting that the instabilities found in the peak gradient region, where η i,e have noticeably dropped, require shaping to develop. Additionally, GEM finds a noticeably stronger increase in growth rate before it is ultimately stabilized. We conclude that resolution of peak gradient instabilities in the pedestal will be very sensitive to the model shape, and that accurate results will require using the full magnetic flux-surface shape. Figure 14(b) plots the real component of the electrostatic potential from GEM at ψ N = 0.98. One significant difference between GEM and GYRO is that GEM does not operate in ballooning space (−∞ < θ < ∞), so comparison between figures 14(b) and 8 should be qualitative at best. The most unstable mode in GEM has similar features to GYRO, in that the parallel structure of φ peaks off of the outboard midplane, with a local minimum at θ = 0.
Conclusions and discussion
In this work, we have demonstrated the linear gyrokinetic mode structure and frequency response in the pedestal of a specific DIII-D discharge in which the edge current profile was modified for the code benchmark study. While the scope of the given study has limited impact to the general understanding of gyrokinetic stability in tokamak pedestals, owing to the large parameter space that pedestal formation exists and the employment of a reduced physics model appropriate for comparison with ideal MHD infinite-n ballooning calculations, several conclusions are drawn. We find for the studied parameters the dominant instability at the top of the pedestal is ITG at low wavenumbers, k θ ρ s < 1.5, with a microtearing mode in the ion diamagnetic drift direction for intermediate wavenumbers 1.5 < k θ ρ s < 5. As the peak gradient is approached, the dominant characteristic ITG instability changes nature by becoming less unstable, adjusting ballooning structure by having significant amplitude beyond −π < θ < π and peaking close to the inboard midplane. The real frequency of what was originally the ITG mode steadily approaches and crosses over to the electron diamagnetic drift direction, despite very low wavenumbers
for what would be considered relevant for trapped electron modes and no external rotation or electric field. The characteristics of the most unstable mode in the peak gradient region closely resemble those observed in high density gradient TEM simulations [28] , and a numerical experiment of artificially raising density and temperature gradients while holding steady all other equilibrium quantities confirms the strong density gradient as the cause for this unusual mode structure and behaviour. By producing a self-consistent pressure scan about the original experimental measurement, GYRO finds the KBM onset at a slightly lower pressure than ideal ballooning predictions, although the KBM growth rate is much smaller than the dominant instabilities.
Finally, comparison between GYRO and two independent gyrokinetic codes yields good agreement when care is taken to ensure the same underlying shaping parameters. After demonstrating reasonably good agreement when each code runs the same parameter, we proceed to examine a radial scan of pedestal instabilities in which each code uses its native geometry. Noticeable disagreement in growth rate is found in the peak gradient region of the pedestal, although ultimately all three codes find stabilization for large enough radius. Despite different trends in growth rate between GYRO and GEM, when each code uses its own shaping model, real frequencies agree and the mode characteristic of electrostatic potential φ peaking near the inboard midplane is observed in both cases. HD7 and GYRO obtain very good agreement at the top of the pedestal, but HD7 is unable to track the instability into the peak gradient region of the pedestal.
These presented results stand somewhat in contrast to recent linear gyrokinetic analysis of a MAST pedestal [8] , in which very weak or no instabilities were observed at the top of the pedestal for low wavenumbers (k θ ρ s < 1) and the KBM was the dominant instability in the peak gradient region. In comparison, the pedestal in this study serves as a host to robust instabilities at low wavenumber which mask the KBM onset. Consequently, we demonstrate initial value gyrokinetic simulations of tokamak pedestal discharges will generally have difficulty demonstrating KBM onset and strength. Nonetheless, solutions to the gyrokinetic equation using an eigenvalue approach are capable of finding the subdominant KBM, and gyrokinetic predictions of the KBM onset in the presented case are in near agreement with ideal MHD infinite-n ballooning calculations [20, 21] , confirming the assumptions used in the current EPED calculations. If the EPED model is correct in that the KBM constraints set the width of the pedestal, several questions arise from the presented research. To begin, will the addition of physics terms currently ignored (collisions, compressional magnetic perturbations and non-local effects) serve to stabilize the observed dominant modes, or strengthen the KBM? If not, how is it that the EPED model is so successful using the subdominant KBM to determine the pedestal width with stronger microinstabilities present? If yes, do KBMs drive sufficient transport to affect the pedestal structure? The answers to these questions are the subject of ongoing study, and will be presented in a future publication.
